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Abstract

FDA approved, commercial, modified porcine small intestinal submucosa (SIS) is
utilized clinically for peripheral nerve repair. However, if measures can be put in place to
insure its safety, native SIS prepared from locally available porcine resources would
provide easy access to an inexpensive alternative. Both forms of this material lack
antigenicity, have inherit properties which provides a favorable growth environment, and
have been successfully used experimentally as a natural conduit in peripheral nerve
repair. Successful recovery from a peripheral nerve injury is dependent on the efficiency
and speed of axonal regeneration to the point of distal interruption of the nerve. Native
SIS is a component of an absorptive structure and there are structural differences which
affect directional porosity between the luminal (mucosal) and abluminal (serosal)
surfaces which could impact axonal regeneration, but have not been investigated.
This proof of concept study comparing the effectiveness of the porcine native SIS
surfaces for axon regrowth was conducted over a period of 16 weeks. In each of the 12
participating Sprague-Dawley rats, a SIS graft was used to reconnect the sciatic nerve
after a 2 mm section was transected. In half of the rats, the graft was placed with mucosal
side nerve approximation. In the other half of the rats, the graft was placed with serosal
side nerve approximation. Comparisons were made regarding visual appearance
throughout the entirety of the study, as well as selected gait criteria used to analyze
functional recovery, and histological morphometric analysis to determine extent of nerve
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regeneration. Results indicated no significant differences in functional recovery, or extent
of nerve regeneration, resulting from mucosal or serosal side approximation to the nerve
in the use of native SIS in the repair of neurotmesis.
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Background

Small Intestinal Submucosa (SIS)

The submucosa of the small intestine is a supporting layer of loose connective
tissue lying between the muscularis externa and the mucosa, as shown in Figure 1. It
provides mechanical strength, allowing the small intestine to withstand pressure and
distend without rupturing [1]. Blood vessels, lymphatic vessels, and nerves run through
this layer to support the mucosa. There are a number of protein carbohydrate complexes
embedded within the collagen scaffolding, including glycoproteins such as fibronectin,
proteoglycans such as heparin, and glycosaminoglycans such as hyaluronan [2]. A
number of growth factors, such as Fibroblast Growth Factor-2, are also present [2,3].

Figure 1: Cross section diagram of porcine small intestine [4]
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Ferrand et al. tested the porosity of native SIS and showed that the porosity from
the serosal to mucosal direction was four times greater than the porosity in the opposite
direction [5]. This characteristic is unique and distinguishes SIS from other nerve graft
materials. A definite cause of the directional porosity difference has not been determined,
however, it was suggested that it may be due to a structural difference in the surface
matrices. The structure of the mucosal surface and the serosal surface can be seen in
Figure 2 and Figure 3. The fibers appear to be more organized on the serosal surface. The
structural difference, along with the resulting directional porosity difference, may have an
effect on the way SIS is used as a graft, in terms of which side of the graft, mucosal or
serosal, should be placed in proximity to the nerve.
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Figure 2: Scanning electron micrograph of the mucosal surface of the SIS taken at
2000x [6]
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Figure 3: Scanning electron micrograph of the serosal surface of SIS taken at 2000x
[6]

SIS As Graft Material

Once the submucosa has been isolated and sterilized, it can be used as graft
material. This is referred to as native SIS. An example of the appearance of native SIS
can be seen in Figure 4. Commercial SIS is also chemically cleaned, decellularized,
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subjected to viral inactivation, terminally sterilized, and freeze dried [7]. SIS is
biologically derived, usually of porcine origin. Porcine SIS was determined to be the
most viable option for graft material by Lantz et al. [8]. Lantz explored the use of native
SIS as a femoral artery graft in canines. The SIS was harvested from several different
species including canine, feline, bovine, equine, porcine, caprine, and human. Through
application, it was shown that porcine and feline SIS grafts produced the most favorable
results. However, due to the ready availability of porcine intestine, porcine SIS was
chosen.

Figure 4: An example of the appearance of native SIS [9]

Both forms of SIS possess many properties that make it ideal for transplantation
[10]. Its native role in the small intestine is indicative of its high tensile strength. The
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protein carbohydrate complexes have sites on the protein portions that help cells attach
and settle, promoting cell migration into the matrix. The numerous growth factors
promote cell proliferation and differentiation [11]. It is very stable, allowing it to be
easily sterilized without significantly damaging or altering its components [13,14]. After
sterilization, it is acellular, which reduces the risk of host rejection [12]. SIS has been
shown to be biocompatible to all hosts, will not elicit an immune response, and will
eventually completely integrate into its surrounding area [15]. As a result, future
complications that a foreign body may provoke are avoided. Native SIS is also
inexpensive and easily accessible.
SIS has demonstrated great potential for use in surgical repair due to its inherent
strength and component composition. Commercial SIS has been FDA approved for
human applications such as, rotator cuff repair [16,17], repairs of multiple types of
hernias [18,19], management of full thickness skin injuries [20], dural substitution [21],
as an anal fistula plug [22], treatment of enterocutaneous fistulas [23], peripheral nerve
repair [24], abdominal wall reconstruction [25], and bone healing [26,27]. Also, native
SIS is being investigated as an aortic graft [28,29], scaffold for human bone marrow stem
cells [30], achilles tendon reconstruction [31], graft for gastrointestinal healing [32,33],
repair of full thickness cornea defects [34], bladder wall substitute [35], and treatment for
Peyronie’s disease [36].
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SIS As A Nerve Graft

Commercial SIS has already been FDA approved for use as a nerve graft to repair
peripheral nerve injuries. Previous studies have indicated that native SIS could also be
used for the same application [37]. Smith et al. conducted a study in which native SIS
was evaluated as a nerve graft for the repair of a severed sciatic nerve [38]. After a period
of 90 days, there was evidence of sciatic nerve growth into the proximal portions of the
native SIS graft, proving that native SIS could be used as a nerve graft. Other studies,
comparing the effectiveness of native SIS as nerve graft material to currently used nerve
graft materials such as silicone, veins, and nerves, demonstrated that native SIS promoted
more nerve regeneration and less fibrosis than the other materials in application [39,40].
Methods to improve the effectiveness of native SIS as a nerve graft by adding
components vital to nerve regeneration such as Schwann Cells, or growth factors, such as
fibrin and laminin, have also been investigated [41,42,43]. However, there has yet to be a
study that takes into consideration the directional porosity difference of native SIS, and
whether or not it has an impact on nerve regeneration. This study is designed to explore
this possibility by utilizing native SIS to repair a severed peripheral nerve, and comparing
the results of mucosal side nerve approximation to serosal side nerve approximation.
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Peripheral Nerves

Peripheral nerves connect the central nervous system to the limbs and organs of
the body. Schwann cells are the primary glial cells in the peripheral nervous system. They
maintain and support nerve health and function, and are also involved with nerve
development and nerve regeneration. Schwann cells also produce myelin, which encases
the axon of a neuron and decreases the time it takes for an impulse to travel along the
axon by allowing it to propagate by saltation [44].

Structure Of Peripheral Nerves

Figure 5 illustrates the basic structure of a peripheral nerve. There are 3 layers of
connective tissue associated with nerves. Axons are surrounded by the endoneurium. A
group of axons, bundled together and bathed in endoneurial fluid, are encased by the
perineurium to form a fascicle. A group of fascicles, separated by the interfascicular
epineurium, make up a nerve. The entire nerve is wrapped by the epineurium and the
epineural sheath. All of the encapsulating connective tissue layers are vascular. Their
functions are to protect, support, and nourish the nerve [44].
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Figure 5: Basic structure of a peripheral nerve [45]
The Sciatic Nerve

The sciatic nerve in the rat is derived from spinal nerves L4, L5, and L6. It runs
down the posterior of the thigh and innervates a number of muscles in the posterior
aspect of the hip, thigh, and leg. The nerve splits into the tibial nerve and the common
peroneal nerve, which innervates all the muscles of the lower leg and foot. The sciatic
nerve also supplies sensory innervation to the skin on the posterior aspect of the thigh and
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gluteal region, as well as the entire lower leg, excluding the medial side which receives
its sensory innervation from the saphenous nerve [46].

Nerve Injuries

There are two main systems used to describe nerve injuries. The first is Seddon’s
classification. Seddon introduces three types of nerve injuries, neurapraxia, axonotmesis,
and neurotmesis. Neurapraxia is an interruption in conduction, but the overall structure of
the nerve is intact. The interruptions can be caused by compression or disruption of the
blood supply. Axonotmesis is a loss in continuity of the axon and myelin covering with
the rest of the encapsulating connective tissues preserved. Crush injuries and stretch
injuries often cause axonotmesis. Neurotmesis is a complete loss in continuity of the axon
and encapsulating connective tissues. It can be caused by severe crushing, severe
stretching, or by lacerations [47,48].
The second system to describe nerve injury is Sunderland’s classification, which
is an expansion of Seddon’s classification of peripheral nerve injuries to five degrees of
severity. First degree and second degree are similar to neurapraxia and axonotmesis,
respectively. A third degree injury is in between axonotmesis and neurotmesis. There is a
loss in continuity of the axon and partial damage to the endoneurium. Fourth degree and
fifth degree injuries are related to neurotmesis. Only the epineurium remains intact in a
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fourth degree injury. A fifth degree injury, the most severe, is the complete severance of
the nerve [47,48].

Nerve Degeneration

Injuries that result in loss of axonal continuity are subjected to axonal
degeneration at the site of injury and distal to the site of injury. The axon and myelin
sheath deteriorate, and macrophages and Schwann cells proliferate in the area and
phagocytize the debris. Degeneration of the axon can extend proximally to the nearest
node of Ranvier. The degeneration of the axon distal to the injury is known as Wallerian
degeneration, which occurs 48 to 96 hours after the injury [47,48].

Nerve Regeneration

Axonal regeneration begins proximal to the site of injury. A specialized motile
structure capable of exploring its surroundings, known as a growth cone, is located at the
tip of a regenerating axon. The process of axonal elongation proceeds once the growth
cone has found a suitable area to grow into. Schwann cells produce a number of factors in
an attempt to guide the growth cone towards the distal nerve terminus. They are also
responsible for myelinating the newly regenerated portions of the axon. The axon enters
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the distal terminus and axonal elongation continues until it reaches the structure it
innervates [47,48].

Surgical Repair

Surgical repair is often required for severe axonotmesis and neurotmesis. Left
alone, the growth cone of the regenerating axon may not find the distal nerve terminus
and reach the structure it innervates [49]. Direct reconnection of the nerve, by perineurial
repair, group funicular repair, or epineurial repair, is the best treatment if it can be done
without putting tension on the nerve. If the distance between the nerve termini does not
allow for direct reconnection without tension, a graft can be used to bridge the gap. The
most common graft materials used are autologous tissues, such as nerves and veins [50].
Other graft materials being explored include nonautologous tissues, such as SIS, natural
based materials, and synthetic materials [51,52].
The distance between the proximal nerve terminus and the distal nerve terminus is
a major factor in surgical repair. Direct reconnection of the nerve termini will often yield
better results than repairs made with a graft, unless it cannot be done without causing
nerve tension. Tension negatively affects axonal regeneration. Also, the greater the
distance is, the more difficult it will be for the growth cone of the regenerating axon to
locate the distal nerve terminus.
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Revascularization is another important factor. Nerve regeneration can only begin
once revascularization has occurred, especially into the graft. The ease and speed of
revascularization will dictate how quickly the nerve can regenerate.
The likelihood of successful recovery diminishes as the time period between
injury and repair grows. Repairs done immediately following an injury will usually yield
the best results. As time passes, complications such as Wallerian degeneration, and
fibrosis of the distal nerve terminus, along with atrophy of the target structure, will
impede successful recovery [52].
This study will compare the results of mucosal side nerve approximation and
serosal side nerve approximation in native SIS graft repair of neurotmesis. Aspects of
nerve regeneration, such as revascularization or Schwann cell migration, could
potentially be affected by the directional porosity difference of SIS, which is dependent
on graft orientation. Results will determine if mucosal or serosal side nerve
approximation affects the efficacy of native SIS graft repair of neurotmesis.
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Materials And Methods

Pre-operative Procedures

SIS Graft Preparation

The SIS graft was prepared according to techniques reported by Marshall et al.
[53]. A porcine intestinal tract was obtained in the fresh state from a commercial
slaughterhouse. A well vascularized portion of the jejunum was isolated and excised. The
serosa was easily separated from the muscularis externa and removed by peeling it away.
The jejunum was then rinsed, cut open longitudinally, and placed flat upon a moist
surface. The muscularis externa was removed by gentle unidirectional scraping with the
handle of a scalpel. The material was then inverted and the mucosa was removed using
the same technique. The mucosal surface was maintained from this point on until surgical
placement. The SIS was cut into 10 mm squares, and a sterile piece of foil was sutured to
the mucosal surface for orientation. It was then placed in a 10% gentamicin/ 90% saline
solution for sterilization and storage. The solution was changed once every 24 hours until
implantation.
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Experimental Animal Assignments

Twelve, 300 g, male Sprague-Dawley rats were allowed to acclimate in the
PCOM Laboratory Animal Facility for at least two weeks prior to surgery. They were
housed in plain cages with free access to food and water. Rats were randomly assigned to
one of two groups: 6 rats received the SIS graft with mucosal side nerve approximation,
and 6 rats received the SIS graft with serosal side nerve approximation. One half of the
rats in both groups were euthanized, and the graft site excised for histological analysis, at
12 weeks. The remaining rats were euthanized, and the graft site excised for histological
analysis, at 16 weeks.
Mucosal

Serosal

12 weeks

3 rats

3 rats

16 weeks

3 rats

3 rats

Figure 6: Rat grouping

Anesthesia, Analgesia, and Treatments

Anesthesia was induced using a mixture of ketamine (40 mg/kg;im) and xylazine
(5 mg/kg;im) and maintained throughout the surgery with a similar mixture titrated to
effect. A loading dose of butorphanol (2 mg/kg;sc) was administered subcutaneously at
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least 30 minutes prior to the emergence from anesthesia. A second dose was given after 4
hours, and then on an as needed basis for pain management.
A mixture of metronidazole (500 g) and New Skin® Liquid Bandage (Prestige
Brands, Inc., Irvington, NY) (1 ml), as reported by Zhang et al. [54], was applied to the
entire right foot, ankle, and heel of all rats to treat and prevent self-mutilation.

Operative Procedures

The operative site for all rats was the lateral side of the right thigh. This area was
shaved, cleaned with Betadine, and draped. Aseptic techniques were used throughout the
entire procedure. A 30 mm incision was made perpendicular to the mid-shaft of the
femur. Using blunt dissection, the gluteus superficialis and the biceps femoris were
separated to expose the sciatic nerve. Figure 7 illustrates the placement of the materials.
After isolating the nerve, silicon vessel loops were wrapped around it to help with
elevation. Saline was used to keep the nerve moist throughout the procedure. A 7 mm
wide moistened, sterile, wooden tongue depressor was placed underneath the nerve to
serve as a platform, and the native SIS was placed between the nerve and the platform.
The SIS was pulled taut, and 8-0 absorbable sutures were used to attach the SIS to the
epineurium of the nerve. Four sutures were placed, two at the proximal end about 120°
apart, and two at the distal end about 120° apart. A dual blade scalpel, with a fixed
distance of 2 mm between each blade, was used to carefully transect a 2 mm portion of
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the nerve without damaging the SIS. Excess SIS was then trimmed away, loops and
platform removed, and the nerve tucked back underneath the muscles. The spacing of the
nerve endings and the length of the SIS graft are illustrated in Figure 8. The incision was
then closed with 3-0 absorbable sutures using an intracuticular technique.

Figure 7: Overhead view of material placement
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Figure 8: Length and spacing of nerve and SIS

Post-operative Procedures

All of the rats were closely monitored post-operatively, and those unable to
ambulate were euthanized immediately. Those that were ambulatory, but with impaired
use of the operated limb, were not euthanized, unless they also exhibited signs of pain or
discomfort, indicated by lack of pellet and water consumption, restless behavioral
patterns, irregular sleep patterns, or vocalizations. No rats were euthanized at this stage.
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Gait Analysis

Gait analyses criteria were used to assess recovery of limb movement according
to a modification of the method described by Medinaceli et al. [55]. Initial foot prints
from each rat were obtained for gait analysis prior to surgery, and once every two weeks
following the surgery.
Three measurements were made for each foot print, for both the right foot and the
left foot. Intermediate toe spread (IT): the distance between the second toe and the fourth
toe; Toe spread (TS): the distance between the first toe and the fifth toe; and Print length
(PL): the length of the foot print. Additionally, two measurements were made to evaluate
stride length. One measurement reflected the distance between the feet when the right
foot was trailing the left foot (TOF-RtL). The second measurement reflected the distance
between the feet when the left foot was trailing the right foot (TOF-LtR).
The Sciatic Functional Index (SFI), a quantification of the functional condition of
the sciatic nerve based on IT, TS, and PL, was calculated according to a formula
proposed by Bain et al. [56].
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Nerve Removal

The rats were euthanized by CO2 inhalation, and cardiac stasis was visually
confirmed. The site of the original incision on the lateral aspect of the right thigh was
located by inspection of the skin for scaring, or approximated by inspection of landmarks.
A new incision was made at this location, muscles separated using blunt dissection to
expose the sciatic nerve, and the graft site on the nerve identified. The SIS graft site was
removed along with nerve segments approximately 6 mm proximal and 6 mm distal to
the SIS graft site. All adhesions to the nerve were left intact. Traction and twisting of the
nerve were kept to a minimum to avoid altering the site of interest.

Histological Procedures

Formalin fixed paraffin embedded 5 µm sections were deparaffinized, hydrated,
and stained with a 0.1% luxol fast blue solution to identify regions of axonal myelination.
Differentiation occurred in a 0.05% lithium carbonate solution. Nissl substance was
counterstained with a 0.1% cresyl violet solution, which stained the nuclei of Schwann
cells and fibroblasts purple.
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Quantitative Histological Analysis

Areas with newly regenerated immature nerve, in the early stages of being
myelinated, were photographed at 10x, 20x, and 40x. The photographs were divided into
4 equal quadrants, and the lower right quadrant was used for quantification. A 13x10
square grid was placed on top of this quadrant, and squares containing the four features of
interest were counted.
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Vascularity was observed under 10x magnification, as shown in Figure 9;

Figure 9: Micrograph of immature nerve at 10x showing vascular material
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Myelin was observed under 20x magnification, as shown in Figure 10;

Figure 10: Micrograph of immature nerve at 20x showing myelin
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Schwann cells and fibroblasts were counted under 40x magnification, as shown in
Figure 11. (Rounder, more densely nucleated cells were identified as Schwann cells,
elongated, flat, torpedo shaped cells were identified as be fibroblasts.)

Schwann cell

Fibroblast

Figure 11: Micrograph of immature nerve at 40x showing Schwann cells and
fibroblasts
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Statistical Analysis

Statistical analysis was performed on all numerical data gathered for gait analysis
and quantitative histological analysis: Univariate Analyses were performed to find the
mean and standard deviations. One Factor Analyses of Variance were performed to
compare the mean values to determine their significance.
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Results

Recovery Period Observations

Post-Operative Observations

Immediately after the surgery, all of the rats were observed dragging their right
foot while ambulating. There was no evidence of toe spread. Within three days, dragging
of the right foot ended, however, slight limping persisted as did an inability to
consistently place the plantar surface of the right foot on the ground. A majority of the
time, the right foot was slightly everted, other times inverted. The rats were able to stand
upright on the hind legs, however only the heel of the right foot touch the ground; the rest
of the foot pointed upwards and was slightly off the ground. Rats from both groups self
mutilated the right foot at random times after the surgery. All of the rats also experienced
edema in the right foot approximately 3 weeks after the surgery. This issue resolved itself
after another 2 weeks without intervention.

27
End Point Observations

All of the rats were observed to be ambulating normally at week 12. The plantar
surface of the right foot was placed flat on the floor while standing and while walking.
There was no evidence of toe spread; however, at week 16, there did appear to be some
evidence of toe flexion. All of the rats were able to stand upright on the two hind limbs
for extended periods of time, for example, while grooming. They were observed
elevating the right foot for scratching behind the ear and side of the abdomen.
All of the rats had superficial damage to the heel of the right foot. Three from the
mucosal group and 1 from the serosal group had all the toes intact. Two from the mucosal
group had minor damage on the tips of all the toes. Two from the serosal group had at
least part of 1 toe missing. One from the mucosal group and 3 from the serosal group had
only 2 toes remaining. The lateral toes were more severely damaged, (and in some cases
missing) than the medial toes.
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Gait Analysis

The right foot length measurements for intermediate toe spread (IT), and toe
spread (TS), were omitted due to the inability to measure those parameters; as a result,
the Sciatic Functional Index (SFI) could not be calculated.
Prior to surgery, the mean print length (PL) for the right foot varied slightly, 2.82
cm and 3.25 cm, for the mucosal group and serosal group, respectively. After the
procedure, the lengths increased by about 1.0 cm for both groups. By week 8, print
lengths remained constant at 4.0 cm for all rats, illustrated in Figure 12.

Figure 12: Both groups experienced a print length (PL) increase of about 1 cm. By
week 8, lengths remained constant at 4 cm. One factor ANOVA yielded p-values
greater than 0.1.
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The lengths of IT, TS, and PL for the left foot showed minimal differences after
surgery on the right leg. A majority of the lengths stayed within 0.2 cm of the presurgery
values. Measurements for IT are shown in Figure 13. IT lengths decreased by
approximately 0.1 cm in the mucosal group, and remain fairly constant, in the range of
1.2 cm – 1.3 cm, in the serosal group.

Figure 13: Intermediate toe spread (IT) lengths decreased by about 0.1 cm in the
mucosal group, and remained fairly constant in the serosal group, with the exception
of the week 6 value. One factor ANOVA yielded p-values greater than 0.1.
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Figure 14 shows that the TS increased slightly in the mucosal group, and
remained fairly constant, in the range of 2.2 cm – 2.3 cm, in the serosal group.

Figure 14: Toe spread (TS) increased slightly in the mucosal group and decreased
slightly in the serosal group. One factor ANOVA yielded p-values greater than 0.1.
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The PL, in both groups, remained close to the normal length, as seen in Figure 15.

Figure 15: PL was fairly constant in both groups, with the exception of weeks 2,4
and 6. One factor ANOVA yielded p-values greater than 0.1.
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The mean length for TOF-RtL before the surgery was 6.60 cm for the mucosal
group, and 8.18 cm for the serosal group. After the surgery, the mean lengths in both
groups decreased to a range of 4.0 cm – 6.0 cm. This is shown in Figure 16.

Figure 16: Both groups exhibited a decrease in the TOF-RtL length. One factor
ANOVA yielded p-values greater than 0.1
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Figure 17 shows that the TOF-LtR in both groups stayed close to the normal, with
a slight overall increase. A majority of the lengths stayed within the range of 6.0 cm – 8.0
cm.

Figure 17: Both groups exhibited a slight overall increase in the TOF-LtR length.
One factor ANOVA yielded p-values over 0.1.
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The overall stride length, in Figure 18, decreased in both groups.

Figure 18: The stride length is the sum of the TOF-RtL and the TOF-LtR lengths.
The length decreased in both groups. One factor ANOVA yielded p-values over 0.1.

Graft Site Observations

There were no distinguishing gross features to aid in locating the site of the SIS
implant. Visually, the nerve appeared to be normal nerve. There was no discoloration,
and the nerve appeared to be uniform and continuous. There were adhesions to the
surrounding muscles.
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Histological Observations

The entire excised portion contained continuous nervous tissue, both mature and
immature. There were no visual remnants of the SIS graft. A majority of the nervous
tissue, at least 80%, on any given slide, appeared similar to the nervous tissue in Figure
19.

Figure 19: Unorganized nervous tissue in the early stages of being myelinated. A
majority of the nervous tissue observed were similar to this type of nervous tissue.
This type of tissue was also used for quantitative histological analysis.
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Quantitative Histological Analysis

There were differences in the amount of nervous material, present when
comparing mucosal group and the serosal group with the same end points. The
vascularity percentage and the myelin percentage were both higher in the mucosal groups
at both end points. The differences were much more noticeable at the week 12 end points.
This can be seen in Figure 20. However, none of these differences were great enough to
be statistically significant.

Figure 20: Vascularity percentage and myelin percentage were both higher in the
mucosal groups than the serosal groups at the 12 week end point and the 16 week end
point. One factor ANOVA yielded p-values of greater than 0.1.
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The Schwann cell percentage was slightly higher in the serosal groups. The
fibroblast percentage was also higher in the serosal groups, however, a more dramatic
difference was observed at the week 16 end point, as shown in Figure 21.

Figure 21: Schwann cell percentage and fibroblast percentage were both higher in
the mucosal groups than the serosal groups at the 12 week end point and the 16 week
end point.
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Discussion

The results of the recovery period observations, graft site observations, and
histological observations, showed that there were no significant differences between the
group that received the SIS graft with mucosal side nerve approximation and the group
that received the SIS graft with serosal side nerve approximation. Gait analysis and
quantitative histological analysis yielded differences between the two groups, however,
statistical analysis yielded p-values over 0.1, and determined that these differences were
insignificant (For purposes of this study, p < 0.05 was considered to be statistically
significant, and 0.05 < p < 0.10 was considered to indicate a trend towards significance.
This data suggests that functional recovery and nerve regeneration are not dependent on
the orientation of the native SIS graft, in terms of mucosal or serosal side approximation
to the nerve, in the repair of neurotmesis.
Although there is, in fact, a structural difference, and a resulting porosity
difference, between the mucosal surface and the serosal surface of SIS, it is possible that
no differences were observed in application because nerve regeneration is not dependent
on the porosity of a graft. A second possible explanation may be that one aspect of nerve
regeneration is affected positively; while a different aspect of nerve regeneration is
affected negatively, resulting in no net effect. There is also the possibility that there was a
difference, however due to the design of the study for example the length of the time
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elapsed prior to the final observations, unforeseen complications, or too few animals per
group, the differences could not be observed.

Recovery Period – Post-Operative Observations

Severing the sciatic nerve affected muscles in the lower limb that participate in
dorsiflexion and plantarflexion of the foot, as well as flexion, extension, adduction, and
abduction of toes. As a result, the rats dragged their right foot while ambulating for the
first three days post-surgery. After the first three days, dragging of the foot ended,
however, it was unclear whether this was due to the rats regaining the ability to dorsiflex
and plantarflex the foot, or if they had found a way to adapt. Elevating the entire limb, or
the portion of the limb below the knee, higher than normal to compensate for the foot’s
inability to dorsiflex, would have been enough to prevent the foot from dragging.
Elevation could be achieved by an individual or a combination of, deeper flexion at the
knee, deeper flexion at the hip joint, or lateral tilting of the hip so that right side is
elevated while more weight is distributed to the left limb. The rats could have also
employed more lateral movement of the thigh at the hip joint to prevent the foot from
dragging while the limb was swinging forward. The rats’ inability to consistently place
the plantar surface of the foot on the ground suggested that the rat adapted by adding
more lateral movement of the thigh, but it was unclear if it had adapted in any other way.
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Therefore, future studies should consider evaluating individual muscles for signs of
functional recovery.
Overall, the rats’ gait appeared almost normal throughout the balance of the postsurgical period, although there was some slight limping. They were able to stand upright
on both hind limbs; however it appeared that they stood directly on their right heel, which
suggested that they had not yet regained the ability to plantarflex. It also suggested that
the muscles in the lower right limb were not completely paralyzed, since they were able
to support their weight on it. However, the exact weight distribution to each of the hind
limbs was unclear, and it was possible that they were also using their tail for additional
support. That type of additional information would have provided some insight into how
much the right limb was compromised.
Two rats experienced a wound dehiscence 12 hours post-surgery. Three quarters
of the sutures were disrupted and surgical site exposed on one rat. All of the sutures were
disrupted and the entire surgical site was exposed on the other rat. Furthermore, the
wound on the latter rat was exacerbated by excessive chewing of the skin on the
surrounding area and lower limb towards the ankle. This resulted in a large open wound
on the lateral surface of the right thigh which spanned from the top of the surgical site, on
the upper portion of the thigh, to an area just above the ankle. The rats were closely
monitored and treated multiple times daily with gentle cleaning and application of a
topical antibacterial ointment. There was no attempt to resuture, on the recommendation
of the supervising veterinarian, and the wounds were allowed to heal over time by
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secondary intention as there were no observable signs of infection or discomfort to the
rats.
Self mutilation of the right foot occurred at random times after the surgery. The
cause of this was unknown, however, many experiments involving axonotmesis or
neurotmesis have reported problems with self mutilation [57,58,59,60]. Initially,
butorphanol was given in an attempt to prevent pain induced self mutilation, and manage
pain due to self mutilation. Due to the drug’s side effects, sedation and appetite
suppression, it was given no more than twice daily, and only when there were signs of
active self mutilation, indicated by fresh blood on the cage bedding or an actively
bleeding wound. This treatment alone was inadequate in curbing the continuation of this
behavior. Subsequently, a mixture of metronidazole and New Skin® Liquid Bandage was
adopted as the main treatment. Metronidazole is an odorless compound that has a strong
bitter taste, as well as antibiotic and antimicrobial properties. When combined with an
application of New Skin® Liquid Bandage, it forms a protective barrier allowing the
wound to heal, and its bitter taste deters the rat from further inflicting damage to itself.
This mixture was applied to the entire right foot, heel and ankle of all the rats regardless
of extent of self mutilation. Once the destructive behavior was controlled, it was only
applied to selected animals on an as needed basis, supplemented with a dose of
butorphanol. It was unknown how much more damage the rats would have done to their
toes if the topical mixture had not been applied. There was no concrete evidence
supporting significant differences between the two groups based on these observations of
self mutilation.

42
All of the rats experienced sudden swelling of the entire right foot about 3 weeks
after the surgery. It was assumed that the swelling was not caused by an infection, but by
edema due to fluid buildup as a result of a lack of muscle contractions over a period of
time. The swelling resolved itself after 2 more weeks without any type of intervention,
possibly due to an increase in activity of the involved muscles.
The wound dehiscence, edema, and especially the self mutilation, were
unforeseen complications that impacted the study. These events may have potentially
delayed the recovery process. The edema affected all of the rats, and may have affected
all of the rats similarly. However, the wound dehiscence occurred on 2 rats, and all but 4
rats exhibited signs of self mutilation varying in severity. Both issues were successfully
prevented as the study progressed, and could have potentially been completely prevented.

Recovery Period - End Point Observations

All of the rats recovered at relatively the same pace. Towards the week 12
endpoint, the rats were ambulating well and were able to consistently place the plantar
surface of the right foot on the floor. They were observed using the foot to scratch behind
the ear and side of the abdomen. They were able to support themselves on their hind
limbs for long periods of time, for example, while grooming. During this time, the entire
foot was placed flat on the floor, suggesting slight functional recovery in terms of
plantarflexion. Again, it was unclear what the weight distribution for each leg was, or if
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the tail was involved in support. However, there was no observable leaning in one
direction, and the tail did not appear to be used for support. At week 16, there was no
measurable evidence of toe spread, although it appeared as though the rats were starting
to regain the ability to flex the toes.
All of the rats had at least superficial damage to the right foot, usually on the heel,
most likely due to excessive licking. Many of the rats self mutilated the toes on the right
foot. Only 3 rats from the mucosal group and 1 rat from the serosal group had undamaged
toes.

Gait Analysis

The formula used to calculate the SFI for the right leg required values for IT, TS,
and PL. Severing the sciatic nerve severely impaired the rats’ ability to use the lower
right limb, in particular, spreading of the toes, as previously mentioned. As a result, no
measurements could be obtained for IT and TS, and the SFI could not be calculated based
solely on PL. The PL value following the pre-surgical measurement is a direct
representation of the length of the foot. Normally, the rats walk on their toes, and the heel
almost never touches the floor. After the surgery, the entire foot, including the heel, was
placed on the floor, and dragged slightly as it was being lifted, resulting in a longer PL.
The variability in foot lengths over the post surgical period indicated that PL was not a
good determiner of functional recovery.
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The intention for recording measurements of the left foot was to observe how the
functional status of the right leg would influence function of the left leg. The parameters
for the serosal group remained consistently close to the respective normal lengths
throughout the course of the experiment. The mucosal group exhibited a slight decrease,
about 0.1 cm, in IT, and a slight increase, about 0.1 cm, in TS. A change regarding the
toe spread could indicate a change in weight distribution. However, no conclusions could
be drawn from this portion of the analysis.
The parameters, TOF-RtL and TOF-LtR, used to analyze stride length were the
most affected by the surgery. There were no discernible patterns over the course of time,
and the lengths fluctuated randomly. In general, the TOF-RtL length decreased, while the
TOF-LtR length remained fairly close to the normal length with a slight increased. As a
result, the overall stride length decreased. The TOF-RtL length decrease was expected
since the denervated muscles, in the lower right leg, may not have been able to support
the body’s weight when it was pivoted on the floor as the left foot was elevated to swing
forward. As a result, the left foot was placed on the floor faster than normal in order to
help support the body’s weight, resulting in a shorter stride length. The slight increase of
the TOF-LtR length could be explained as the rats’ attempt to compensate for the TOFRtL length decrease, since the hind limbs are forced to keep up with the fore limbs while
ambulating. The stride length is dependent on the two aforementioned lengths, and as
expected, it decreased after the sciatic nerve was severed.
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There were several factors which may have reduced the accuracy of this analytical
method: The track paper used to record the foot prints was impregnated with a dye that
permanently turned blue after contact with water. The size, shape, and clarity of the
footprint were affected by how much water adhered to the foot, and how long the foot
was in contact with the track. A number of the rats also were missing partial or entire
digits, resulting in irregular foot prints. In addition, the water and the dye may have
aggravated any wounds on the rats’ foot, promoting self mutilation and introducing a
variable that was not directly related to the graft procedure. This could be avoided in
future studies by using digital imaging.
Accuracy was also dependent on the rats’ willingness to consistently walk the
entire length of the track at a normal pace, so that sequential, comparable, footprints were
provided for measurement. The rats’ progression across the track was erratic, and the
pace inconsistent from one trial to the next over the course of the experiment. Some rats
scampered quickly through the track while others halted along the way or refused to walk
at all. As time went on, this type of behavior increased in frequency; it was unlikely that
pain was responsible for their unwillingness to walk because they were observed actively
roaming around their cage before and after being placed on the running track.
Preconditioning the rats to walk normally across the track on a consistent basis is one
way to address this complication.
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Graft Site Observations

Locating the SIS graft site on the nerve was difficult for all rats because there
were no visual remnants that would have indicated where the SIS graft site was located.
In both groups, the sciatic nerve was healthy and normal in appearance. There was no
discoloration, and the nerve appeared to be uniform and continuous. As a result, proximal
and distal segments of the nerve were removed along with the graft site to ensure that the
entire graft site was present for histological observations.

Histological Observations

Upon microscopic observation of the nerve samples, it was confirmed that the SIS
had completely integrated, as there was no evidence of SIS. The presence of continuous
nervous tissue throughout the sample indicated that the sciatic nerve had regenerated
entirely through the graft. This supports the notion that both the mucosal surface and the
serosal surface are able to support nerve regeneration. However, this phenomenon was
expected. Under ideal conditions, peripheral nerves can potentially regenerate at a rate of
2 mm per day. In the design of this study, the sciatic nerve had an approximate distance
of 2.5 mm – 3.0 mm to travel, and was allowed a period of 12 to 16 weeks to do so,
which mathematically was an excessive amount of time. The decision for the 12 and 16
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week endpoints were made based on Smith’s observation of nerve growth into the
proximal portions of the SIS after a period of 90 days.
In terms of the effectiveness of native SIS as a nerve graft, the SIS had
successfully accomplished its mission, guiding the regenerating axon into the distal nerve
ending, and disappearing by integrating into the surrounding area. However, for the
purposes of the study, the effectiveness of native SIS made accurately assessing and
comparing extent of nerve regeneration challenging. Shortening the duration allowed for
recovery, or transecting a larger portion of the nerve, should result in the nerve
regenerating only partially through the graft. Comparisons using those methods might
provide more insight to which surface of the SIS better supports nerve regeneration.

Quantitative Histological Analysis

The statistical analyses of the data indicated that there were no significant
differences between the mucosal group and the serosal group. However, this outcome
could have been prejudiced by the method used to select a location to quantify. This was
especially true for the parameter ‘percentage of myelin’ since an area of low myelination
was selected because it was indicative of newly regenerated nerve. The amount of nerve
tissue obtained for each group was fairly similar, but there were a couple of anomalies on
visual survey of the microscope fields; the M12 group appeared to have a greater amount
of vascular material than the other groups, and the S16 group appeared to have many
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more fibroblasts than the other groups. However, when quantitative methods were
applied, the differences were not found to be significant. Additional studies with more
animals would determine if these differences were real.
Distinguishing between normal nerve and newly regenerated nerve was difficult,
unless it was extremely unorganized or had not yet been myelinated. Combined with the
inability to pinpoint the exact location of the SIS implant, the accuracy of determining the
amount of regenerative activity could have been greatly reduced. Also, nervous tissue
was present throughout the entire sample. As a result, the actual amount of nerve
regeneration was unknown since the extent of nerve regeneration distally could not be
demarcated. This also meant that it was not possible to quantify the same specific
location for each sample with respect to the interface between the SIS graft and the native
nervous tissue; this resulted in a somewhat biased location selected for quantification.
As mentioned earlier, the native SIS was essentially too effective as a nerve graft.
The inability to accurately define the exact location of the SIS implant affected the
quantitative analyses of the micrographs. Since nerve regeneration begins proximal to the
lesion and moves distally, the area with the greatest amount of evidence indicative of
regenerative activity would be towards the proximal portions of the SIS. Maintaining the
exact location of the SIS graft on the nerve, especially after is has integrated, is vital to
accurately assessing extent of nerve regeneration.
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Conclusion

Overall, the data showed that mucosal or serosal side approximation does not
affect the efficacy of native SIS as a nerve graft for the repair of neurotmesis at 12 and 16
weeks post-surgery. No significant differences were observed, as a result of the
orientation of the graft, between the mucosal group and the serosal group. The ability of
the SIS to integrate was displayed. It was also evident that both surfaces of the native SIS
had the ability to support nerve regeneration. Further studies of the effect of orientation
could include the addition of components that promote nerve regeneration. The possible
explanation of why no differences were observed could also be explored. Is nerve
regeneration affected by the porosity of a graft? Another question that can be asked is
does the orientation of the SIS graft, in terms of mucosal or serosal, have an effect in the
other applications of native SIS. This study has shown that for the repair of neurotmesis,
mucosal side or serosal side, nerve approximation does not affect the long term efficacy
of native SIS as a nerve graft. However, this is only one of the many applications for
native SIS.
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